ABSTRACT A new application of proper orthogonal decomposition (POD) to uncover the relation of the instantaneous energetic large-scale turbulent structures to the dominant POD modes had been reported. Motivated on this method, the data mining from the velocity vector fields measured by the particle image velocimetry and structural analysis on the selected POD-based reconstructed turbulent flows in front of and on top of smooth and roughness-resolved forward-facing steps (FFSs) has been performed. The velocity fields containing the most energetic large-scale structures are conditionally chosen. The conditional criterion is that the chosen velocity fields whose POD temporal coefficients of the first or second mode are correspondingly larger than twice of their root mean square values. Typically, the most energetic instantaneous structures are the large-scale second-quadrant (Q2) or fourth-quadrant (Q4) events and the mostly open separation bubbles in front of these FFSs; while the large-scale structures behave as a strong shear layer, and near or in which are a few spanwise prograde or retrograde vortices; and sometimes the alternating node and saddle points appeared. Similarly, for the flow on top of the FFSs, the most energetic structures are presented as a great many large-scale Q4 or Q2 events and a few secondary vortices at the very near wall; while the large-scale structures are overall exhibited as a strong shear layer, and in which a large number of vertex structures are created. These energetic large-scale structures here are not only sensitive to the surface roughness conditions but also to the spanwise locations.
I. INTRODUCTION A. FORWARD-FACING STEP FLOWS
The turbulent flow through a forward-facing step (FFS) has been studied for several decades due to their separating and reattaching flow phenomena which may lead to flowinduced noises and structural vibrations in many industrial and engineering applications such as the heat transfer enhancement or cooling for the electronic devices etc. The canonical smooth FFS flows can be divided into three distinct regions, i.e., (I) an upstream recirculation region in front of the step due to an adverse pressure gradient locally incurred by the FFS blockage; (II) a primary recirculation region on top of the upstream FFS where the flow is separated by the sharp leading edge of the step, and note that a strong shear layer, similar to a mixing layer, between the low-velocity reverse flow and the mean free stream flow, develops above the downstream recirculation region; and (III) a redevelopment region after the flow being reattached (cf. [1, Fig. 1]) . In Region I, the turbulent flow was separated at the wall upstream about 0.8-1.5h ahead of the FFSs; and to reattach on the vertical wall of the step at approximately 0.6-0.7h where h is the height of step [2] , [3] . Pearson et al. [4] also reported that the turbulent separation bubbles in this region exhibited both open and closed forms for equally approximately half of the time by conditional averaging based on the area of reverse flow. For Region II, Sherry et al. [1] (cf. Table 1 ) summarized the past studies of the statistics characteristics for the turbulent flows on top of the smooth FFSs, which are affected by the incoming flow or geometry parameters such as the height ratio between the upstream boundary layer and the step δ/h, step length aspect ratio L/h and Reynolds number Re h . The authors concluded that the mean reattachment length X r (the distance between the leading edge of the step and the reattachment point) increased monotonically with Re h for a given δ/h ratio. Furthermore, Largeau and Moriniere [3] believed that the external turbulence ratio u 2 /U 2 affects the development of this downstream recirculation bubble structure as well. Also, considering the practical applications in industry and engineering where the steps are usually roughnessresolved, Wu and Ren [5] and Rifat et al. [6] investigated the effects of realistic resolved-roughness on the FFS flows. Their results reveal that the statistical characteristics of the turbulent flows through the FFSs such as streamwise mean velocity, mean Reynolds stresses and turbulent kinetic energy (TKE) are sensitive to the different surface conditions for the roughness levels of FFSs. However, as introduced above, past studies were mainly focused on the statistical characteristics of either the smooth or roughness-resolved FFSs flows. To our knowledge, few studies have been performed to illustrate the instantaneous turbulent fluctuating structures in front of and on top of the smooth or roughness-resolved FFSs by data mining method. Largeau and Moriniere [3] have reported those structures behaving like different shapes in three regions. They are horseshoe-like bubble structures at upstream of Region I; several saddle and nodal points corresponding to the small branched structures in front of steps and flapping motions of the shear layer in Region II, and secondary structures developing within the recirculation bubble at the downstream of Region II. Lastly, they shed downstream into Region III (cf. [3, Fig. 5] ). These kinds of flow structures, the most energetic and large-scale ones, in particular, are closely linked with the generation of flow-induced noise and structural vibrations. Therefore, to make a structural analysis on and then to control them in these kinds of turbulent flows through the smooth FFSs and the one with different roughness resolution might be of benefit for engineering applications.
B. PROPER ORTHOGONAL DECOMPOSITION
Lumley [7] pioneered the use of Proper orthogonal decomposition (POD) to study the internal structures in inhomogeneous turbulence. Since that time, the method of POD has become one of the data mining tools to do the structural analysis on generic turbulent flows [8] . Tang and Jiang [9] apply the POD method to study hairpin-like vortices generated by a hemisphere protuberance for comparison with the dynamic mode decomposition (DMD) method. They believed that POD concentrates on a representation in the spatial orthogonality way while the DMD algorithm focuses on a representation based on the temporal orthogonality. Feng et al. [10] performed a POD analysis of vortex dynamics of a circular cylinder under their synthetic jet control, presenting the variations of the POD energy, mode, coefficient and the reconstructed spanwise vorticity. Zhang et al. [11] conducted a comprehensive comparison on the identification of multi-dominant vortical structures in the real wake flows behind a single cylinder and two side-by-side cylinders of different diameters by applying the POD and DMD algorithms into their high-repetition time-resolved particle image velocimetry (TR-PIV) data. Besides, Zhang and Liu [12] used POD to efficiently extract the energetic coherent structures by spatially filtering the small-scale background noise from their planar PIV data of the separated shear layers around finite blunt plates. Actually, since the year 2000, the POD filtering function has already been concluded as a very effective scale-decomposition in inhomogeneous turbulent flows [13] . Furthermore, Wang et al. [14] recently proposed a new method named POD-OC for postprocessing to reconstruct an instantaneous velocity field using the low-order high-energy POD modes. Very recently, Shao and Agelin-Chaab [15] reported their POD investigation results about the effects of different surface conditions on turbulent flows over the FFSs. The authors concluded that the different roughness of FFSs affected even the large-scale structures but did not affect the most energetic structures in the first POD mode. However, the physical mechanisms involved in it are still unknown as their POD mode-shapes are not real vortices although they are associated with the coherent structures in the flows [16] . Recently, in particular, Wu (2014) devised a new application of the POD to reveal the relationships between the first two dominate POD modes and the instantaneous energetic large-scale structures in turbulent boundary layers (TBLs). Based on this method, the present work aims to perform a comparative structural analysis on the conditional-chosen instantaneous flow fields and the selected POD-based reconstructed turbulent flows in front of and on top of the smooth and roughness-resolved FFSs. It will give more useful information about the separated and reattached flows, which thereby helps to control these energetic large-scale structures in such kind of flows over the FFSs due to their diverse industrial and engineering applications.
Since the principle and its equations of POD have been introduced by Lumley [7] and reviewed by Berkooz et al. [8] and they can also be found in the references above, we only briefly summarized the POD procedures herein for better understanding it. In the present study, the snapshot POD [17] is applied to mode-decompose the PIV-measured velocity vector fields (subtracting the ensemble average at first) of the turbulent flows in front of and on top of the smooth and roughnessresolved FFSs. In the two-dimensional (2D) POD, any instantaneous velocity fluctuation in the streamwise-wallnormal (x-y) plane, u (x, y, t), can be decomposed into the form of
where x, y are coordinates; t indicates either time-dependent or time-independent snapshots of the whole the PIV measured velocity fields; and n (x, y) is the n-th mode of POD with total spatial modes of N . a n (t) are their corresponding POD temporal coefficients which can be firstly calculated by solving the eigenvalue or eigenvector problem with a positive definite Hermitian kernel of the form
where the integrations are over the spatial domain and a time interval T . For an ensemble of measured velocity fields, could be the whole or part of the field of view (FOV) while T represents the ensemble or the collection of the velocity field samples. The eigenvalues λ n are real and positive; and form a decreasing and convergent series [18] , [19] . Then, the POD modes can be computed through the equation
and the eigenvalues λ n = T [a n (t)] 2 dt as the POD is always normalized to be orthonormal. This indicates that the larger value of [a n (t)] 2 , the more contribution to λ n . As concluded by Wu [18] , the important temporal coefficients a n (t) of POD, either the positive or negative one both contain equivalently important information on the major contributing flow structures to the n-th POD mode, which can be used to identify the instantaneous fluctuating flow structures that contribute significantly to the first few low-order dominant POD modes. Lastly, the TKE is equal to half of the summation of the eigenvalues' squares, i.e.,
n . Besides, as previously mentioned, for filtering the PIV measurement errors, a sufficient number of modes with about 90% of TKE will be used to reconstruct the flow fields for comparison study with the original velocity fields since flow structures observed in a single mode do not necessarily correspond to real physical flow patterns except that it has very high energy in a single snapshot, or the structure is identical in many cycles [20] .
II. EXPERIMENTS
As this study focuses on the data analysis with POD method, only the necessary experimental information is briefly recalled and summarized in Table 1 for easy reading. Moreover, more details of experimental set-up can be founded in Ren and Wu [2] and Wu and Ren [5] . The 2D PIV experiments were conducted in a boundary layer wind tunnel (free-stream turbulence intensity ∼0.45%) whose test section is 0.67×0.67×3 m 3 (width × height (H )× length). The boundary layer is tripped by a diameter-4.7mm cylindrical rod, which was placed just downstream of the elliptical-shaped leading edge of a 2.9 m long smooth flat plate for the TBL fully developing above the floor of the tunnel. To prevent separation at the leading edge, a length-100mm tailing flap is attached to the trailing edge of the plate, and it was set to about 5 • in this study. The maximum approach velocity U ∞ was 8.4 m/s and the corresponding TBL thickness δ = 50.8 mm in the PIV-measured region.
Two kinds of roughness blocks with different resolution levels of six and four, i.e., A6 (the average peak-to-valley roughness height k s = 2. Figure 1) . The four blocks (about 90 × 169 mm 2 for L × W , length × width, h = 6.35 mm) were separately placed at the spanwise center of the boundary layer plate at around 2.5 m downstream of the leading edge while other two smooth blocks with the same height (6.35 mm) are placed along their sides to cover the whole width of the wind tunnel test section and thereby form the FFS experimental platform (cf. Figure 5 in Wu and Ren [5] . The resulting boundary layer and geometry conditions (cf. Table 1 ) such as Re h (= U ∞ h/ν, in which ν is the kinematic viscosity) are 3450; δ/h = 8; L/h = 14.2 and blockage ratio h/H = 0.01. It means that a small blockage ratio but a large δ/h ratio is configured in present work for the TBL developing over the surface transition from a smooth wall to an elevated rough wall since such non-equilibrium boundary layer flows are commonly seen in engineering applications. Moreover, the width aspect ratio (W /h) is 26.6 which are large enough to ensure the qualitative globally two-dimensional behavior of the turbulent flows through a 2D step in theory [3] .
Two-dimensional PIV measurements in the x-y plane were conducted at two different spanwise positions, i.e., P1 and P2 in Figure 1 where P1 has a negative roughness slope at the beginning of the FFS top while P2 a positive one. The PIV experimental apparatus parameters and their setup for measurements can be found in Reference [2] and [5] . Measurements were first performed in front of the FFSs, and then the camera was moved downstream to measure the flows on top of the FFSs. The basic TBL flow at 50h upstream of the FFSs was also confirmatively measured by PIV to characterize the nature of the approach flow, and its turbulence statistics was not found to be altered due to the presence of the FFSs. The calculated velocity vectors in the dataset to be analyzed have a grid spacing of h/32 and the FOV of 5h × 3.8h. Each ensemble consists of more than thousand samples of the velocity vector fields for the further statistical study. Their random error in present PIV measurements is approximately 0.1 pixels while the bias errors are estimated to be about 1% of the full-scale velocity since the mean particle image diameter is about 2 pixels.
III. RESULTS AND DISCUSSIONS

A. MEAN VELOCITY
The PIV-measured mean velocity fields in front of and on top of the smooth and roughness-resolved FFSs are presented in Figure 2 . Only velocity vectors whose time-averaged streamwise velocity U are less than 0.5U ∞ are shown to highlight the mean separation bubble structures within the recirculation Region I in front of the steps. The other normal uniform flows and the downstream recirculation bubble in Region II on top of the steps are only represented by the streamlines. The red and blue dash-dotted lines mark the locations where the streamwise mean velocity U = 0 and the wall-normal mean velocity V = 0, respectively. Therefore, the locations of the separation and reattachment points, the centers of the bubble structures for the PIV-measured positions at P1 and P2 can be accordingly decided within some certain measurement uncertainties. Ren and Wu [2] and Wu and Ren [5] tabled them and concluded that (I) the mean flow structures in recirculation Region I inclusive the separation and reattachment points, and bubble structure centers for smooth and roughness-resolved FFSs are almost the same, which means that the mean flow in this region is not disturbed by the steps with the different resolution roughness at both positions P1 and P2; however, (II) the flow field of the downstream recirculation Region II is signifycantly distorted by the surface topography of roughness-resolved FFSs and their spanwise position, which was also supported by their statistical results for the mean Reynolds stresses and mean spanwise vorticity as well as the quadrant analysis. Particularly, no clear recirculation bubble structure is observed for the positive-sloped FR and A4 roughness-resolved FFSs at the position P2. Nevertheless, it is worth noting that the effects of the roughness-resolved FFSs on the most energetic and large-scale flow structures in a typical instantaneous velocity field, as previously introduced, are still unknown.
B. POD MODES
An ensemble of 1000 instantaneous fluctuating velocity fields from the dataset was decomposed by the POD method. A platform of the plot (not shown herein for clarity) for the numerical values of the first 10 eigenvalues with different snapshot number (N ) of velocity fields show that the POD analysis is fully converged for the 1000 velocity field samples, which means that N = 1000 was sufficient enough in minimizing the precision error for POD analysis [19] . The cumulative TKE fractional contributions of the first n POD modes are presented in Table 2 . For the flow fields in front of (before) the smooth and roughness-resolved FFSs at P1, the first POD mode accounts for more than 25% of the total energy while the first two modes in sum are almost 40%.
As presented in Wu [18] , the large-scale energetic turbulence structures are strongly contributing to the first two eigenmodes. Besides, in this case, the energy of about 90% only contributes from the first 106 modes for SM, 112 for A6, 110 for A4 and 119 for FR surface, which indicates that the energy contributions from the other larger modes are rather small and we can accordingly reconstruct the flow fields by using the first of approximately 100 low-order modes. Similar energy contributions of POD modes for the flows on top of (over) these FFSs at P1 and P2 are also observed, although in these cases, the contributing energy of the first and the first 2 modes are corresponding about 5∼10 percent less than the ones in front of FFSs cases at P1 and P2. Generally, it can be read from Table 2 that the cumulative TKEs for each mode less than 100 correspondingly decrease till to the first 500 modes when the flows pass through the smooth and roughness-resolved FFSs. The discrepancies of energy contributions for the POD modes between the flows in front of and on top of the steps indicate that the expected significant changes of the energetic large-scale turbulence structures passing over the FFSs. However, these change trends in the cumulative energy are not consistent with that in Iftekhar and Agelin-Chaab [21] where the cumulative TKE increases downstream, which indicates the growth of the large-scale structures. Furthermore, the energy of nearly 90% contributes from the first 166 modes for SM, 162 for A6, 166 for A4 and 154 for FR surface at P1 while, at P2, almost 90% energy is contributing from the first 165 POD modes for SM, 172 for A6, 165 for A4 and 164 for FR, respectively. The reconstructed flows within about 90% energy in front of and on top of these steps are shown hereafter in The fractional energy (i.e., the normalized TKE) distributions of different POD eigenmodes for the fluctuation velocity fields in front of and on top of the smooth and roughness-resolved FFS surfaces are represented in Figure 3 . As discussed above, the most TKEs are concentratedly contained within the first few low-order modes and the normalized TKEs in following higher modes decrease dramatically as the eigenmode increases. And interestingly, both TKE spectrums are POD-mode-based fitting to satisfy some kind of scaling law properties with the scaling exponents, −1.1 for relative low-order modes (which is surprisingly very close to the ''−1'' spectral law in wall-bounded turbulence [22] , [23] ) given that the influence of steps is considered; and close to the ''−1'' law of the POD energy spectrum result for our TBL flow data and −2 for the relative high-order ones, respectively. The existence of scaling laws suggests that a possible energy cascade [24] happens among the flow structures, which the low-order/high-order modes represented; and a certain relation between the energy scaling and sub-layer structures, which the measured extremal-pointdensity has shown [25] . The ''−1'' power law occurs in TABLE 2. Cumulative energy (TKE) contributions of the first n POD eigenmodes for the fluctuation velocity fields in front of (before) and on top of (over) the roughness-resolved and smooth FFS surfaces: FR; A4; A6 and SM at P1 and P2.
regions of strong TKE production (cf. the review table 1 in Reference [26] ). In other words, the most energetic largescale structures are confirmedly characterized by the first lower-order POD modes. And the scaling exponents are not changed with either the different flow conditions in front of/on top of the FFSs or the different FFS roughness surface conditions. In addition, the POD spectrum analysis on the present data indicates again that the flows in front of the smooth and roughness-resolved FFSs are little sensitive to the roughness of FFS surfaces (cf. Figure 3(a) ), supporting the results regarding the mean velocity patterns discussed in Section III (A). However, the significant effects of the roughness and spanwise positions on the flows over the FFSs can be clearly observed in Figure 3(b) , especially for the first ten modes here, which will be hereafter interpreted in Section III (C) from the viewpoint of energetic large-scale structures associated with the first two low-order modes.
The iso-contours of POD mode-shapes for streamwise (x) and wall-normal (y) components at the selected first, second, fifth and twentieth mode are illustrated in Figures 4 and 5 for the smooth and three roughnessresolved FFSs at the position P1, respectively. As concluded above, the approaching flows for statistical mean fields in front of the FFSs are almost the same without being affected by the different surface conditions; therefore, only the POD mode-shapes at P1 are given herein for simplicity and clarity. Note that the POD mode-shapes are not actual physical vortex structures or streamline patterns but to be interpreted as the velocity fluctuations which manifest the large-scale patterns of the circulating flow structures [27] ; besides, the relative directions of the fluctuating velocity fields that the POD mode-shapes represent will change when a POD mode is multiplied with either positive or negative values of its coefficients a 1 [28] . The red and blue dashdotted lines marking the locations where U = 0 and V = 0 are still shown to roughly represent the mean flow bubble structures at the corner in front of the FFSs. More specifically, the first POD mode, i.e., n = 1, the most energetic mode as shown in Figures 4 and 5(a-d) respectively, illustrates quite a few large-scale second-quadrant (Q2) or fourth-quadrant (Q4) events which span almost the whole FOV except the corner in front of the steps where the mean bubble structure located. The Reynolds ejection and sweep events with different signs of these velocity fluctuations (Q2: −u , +v ; Q4: +u , −v ) make the largest contributions to the Reynolds shear stress and the TKE production in wallbounded turbulence [29] - [31] and they are strongly associated with certain instantaneous flow structures and turbulence intermittent motions. Note that whether Q2 or Q4 events dominating the flow may also be related with the surface roughness conditions of the FFSs and the spanwise locations. And another explanation for this phenomenon observed here is the intrinsic high/low-speed streaks in the approaching TBL flow near the wall and their interaction with the bubbles on the bottom corner in front of the steps [4] . The phenomenon that the most energetic mode illustrating as large-scale Q2 or Q4 events verify that the existence of the large-scale (LS) or very large-scale (VLS) mechanism (although the form that they take is less certain [23] ) for the generation of the approaching wall-bounded turbulent flows and maintaining the turbulence over the FFSs. The LS or VLS motions contribute to almost 30% of the total TKE in the present study. Besides, a long shear layer in the second mode across the whole FOV is illustrated in Figures 4 and 5(e-h) , respectively, which presents the interaction of the Reynolds stress events. Interestingly, their inclination angles are changed due to the different roughness conditions of the FFS surfaces, which decrease from 22 • to 17 • as k + s decreases but increase to 24 • for the SM surface. These inclined large-scale structures in the incoming boundary layer illustrated by (x) in Figure 4 are similar to the conditionally averaged u'-structures which are also visible in Reference [4] . And the strong ejection/sweep events in n = 1 as well as the shear layer in n = 2 for the approaching boundary layer are also similarly observed in the classical turbulent boundary layer [18] although the inclination angle of the shear layer here is slightly larger than the case in the zero-pressure gradient TBL flow [32] as a result of the locally adverse pressure gradient due to the presence of the FFSs. For the fifth POD mode n = 5 shown in Figures 4 and 5(i-l) , a clear rotating structure can be observed although the one in Figure 5(l) is not the whole shape due to the limit of the FOV. Note that their wall-normal heights and relative directions of rotation vary from the different roughness surface conditions. The vector and streamline patterns of POD mode-shapes for relative small-scale structures in n = 20 are separately given in Figures 4 and 5(m-p) . No significant changes in sizes or numbers for the contours of (x) and (y)-POD mode-shapes can be observed. Therefore, we conclude again that, in general, for the statistical flow structures in front of the FFSs, neither the (x)-POD modeshape nor (y)-POD mode-shape is significantly changed by the different roughness surface conditions. However, the relative rotation direction of flow structures that the streamlines of POD mode-shapes represent appears to be affected by the roughness-resolved FFS surfaces although their common mechanism of the impact from the different surface steps is still an open question, as, for the turbulent flows, the streamlines are unsteady and appear meandering at any instance [4] . Therefore, the typical instantaneous flow fields in which these energetic large-scale structures embedded need to be conditionally captured for interpreting the complex dynamics of the separation region upstream of the smooth and rough-resolved FFSs and for addressing its impacts from the roughness conditions of the FFSs.
Previous studies [2] , [5] , [6] , [15] have reported that the roughness-resolved FFSs had more significant impacts on the statistical mean flow structures on top of the steps than the flows in front of the FFSs. To reveal these impacts, the contours of (x) and (y) as well as vector and streamline patterns for the selected first, second, fifth and twentieth-order POD mode-shapes were extracted to show in Figures 6 and 7(a-p) for P1. The region of the recirculation bubble structures and the reattachment point position can be roughly decided by the intersection between the roughness surface and the red or blue dash-dotted lines marking the locations where U = 0 or V = 0, respectively. Note that the flow velocities very close to the top surface cannot VOLUME 7, 2019 FIGURE 6. Vector patterns and iso-contours corresponding to the n-th streamwise POD mode-shapes n=1,2,5,20 (x) on top of the roughness-resolved and smooth FFS surfaces: FR; A4; A6 and SM at P1. Only every second vector resolved is shown for clarity. be measured or set to zero herein due to the reflection of laser sheet or the blockage of the higher roughness elements between the laser sheet and camera. Sub-figures (a-d) present the strong Q2 or Q4 events at the field relatively further away from the surface wall in the FOVs. The impacts on the flow from the surface topology conditions mainly happen near the wall for the most energetic structures at the first POD mode. A clear shear layer where the Q2 and Q4 events strongly interacted can be observed as well in the sub-figures (e-h) for the second-order mode. Specifically, these shear layers between the low-speed reverse flow region and the mean free stream flow seem to parallel to the blue dash-dotted line where V = 0 at the beginning of flow on top of the steps (i.e., Region II) and their starting position decreases from y = 1.8h to 1.6h but the streamwise length increases as the roughness decreases, which means that the shear layers have an outwards-shift trend with the roughness of the wall surfaces increasing. In addition, some secondary structures in small-scale are developing inside the recirculation bubbles which are generated at the upper part of SM surface due to the flow separation at the sharp ledge of the steps; whereas no clear secondary vortices can be seen in other cases. The roughness surfaces suppress the formation of the secondary structures. Similar observations can be found at P2 as shown in Figures 8 and 9 (e-h). However, no difference has been seen at this mode for the starting location of shear layers on top of the SM and A6 surfaces although its streamwise length of the SM surface decreases in the FOV at P1 but increases at P2. The flapping trend of the shear layer shifting outwards/ inwards may be related with the fluctuations of the locally adverse pressure when the flows are passing through the steps. Besides, as shown in Figures 8 and 9(i-p) , the streamwise and wall-normal mode-shapes both decrease in size but increase in number as the order number of modes increase [15] . Several clockwise rotating or counterclockwise rotating structures are alternately developing along the blue dash-dotted line at fifth and twentieth modes. These structures grow in size downstream along the streamwise direction. This is consistent with the observation at P2. Moreover, we do observe more considerable effects from the different roughness conditions on these flow structures either on their sizes or their numbers. However, no general mechanisms for the impacts from the different surface conditions, such as reduction of the number of recirculating regions; or shortening distances between the recirculating structures and the wall for the increasing roughness surfaces [15] , can be observed from the figures due to the three-dimensionality of the roughness surfaces in our cases. It is hard to conclude that these increasing roughness surfaces suppress the vortex formation outside of the recirculation bubble regions based on the given flow information for two positions at P1 and P2. The real energetic large-scale structures contributing more to the TKE or shear stress production in the instantaneous velocity fields need to be conditionally extracted for a further discussion. Figure 10 shows the histograms of the first two POD coefficients, a 1 and a 2 , which is normalized by their corresponding RMS, σ a1 and σ a2 , respectively; and their Gauss fitting for the velocity fields in front of and on top of the smooth and roughness-resolved FFSs at positions P1 and P2. As presented in the histograms, the first two POD coefficients, a 1 and a 2 , are all showing a rough Gaussian distribution whose values are clustered within twice their RMS values except that only a small number of fluctuating velocity fields with a 1 or a 2 are beyond twice of their RMS values. Wu [18] noted that the pattern of symmetric distribution of positive and negative values for a 1 or a 2 indicates that the same contribution from Reynolds ejection (Q2) and sweep (Q4) events to the first two POD modes since the contribution to the first two eigenvalues,i.e., to a part of the TKE, comes from a 2 1 and a 2 2 , respectively. Therefore, for these structures or motions in the instantaneous fluctuating velocity fields, the larger positive VOLUME 7, 2019 FIGURE 9. Streamline patterns and iso-contours corresponding to the n-th wall-normal POD mode-shapes n=1,2,5,20 (y) on top of the roughness-resolved and smooth FFS surfaces: FR; A4; A6 and SM at P2.
(or negative) value of a 1 (or a 2 ), the more energetic largescale structures or the stronger Q2 (Q4) events associated with the first (or second) mode are.
C. INSTANTANEOUS FLUCTUATING VELOCITY FIELD
As previously elaborated, only the instantaneous fluctuating velocity fields containing the most energetic (contributing to a 1 , about 8% of the full ensemble velocity fields) and large-scale (to a 2 , ∼10%) structures, as well as their POD-based reconstructed fluctuating velocity fields within cumulative 90% TKE are correspondingly analyzed and discussed in this section for the flows in front of and on top of the different roughness FFSs, respectively. Figure 11 (or Figure 12 ) presents several typical instantaneous fluctuation velocity fields with a large positive (or negative) POD coefficient of a 1 ≥ 2σ a1 (or |a 1 | ≥ 2σ a1 ) for the first POD mode in front of the smooth and roughnessresolved FFSs at P1 (left column); and their corresponding reconstructed flows with the TKE of 90% illustrated by the streamlines (right column). The red ( U = 0) and blue ( V = 0) dash-dotted lines roughly outline the relative locations of time-averaged separation bubble structures. As shown in the figures, irrespective of the surface conditions, the most energetic structures are almost all captured and only the small scale or less energetic structures in the flows (or somewhat PIV measurement errors) has been filtered out, which means that the POD based filter level, 90% of the TKE, is justified to capture the detail information of those large-scale structures. It has been used to reconstruct the classical TBL flows over riblets [33] and, unless specifically stated otherwise, more structural analysis thereafter will focus on the reconstructed flows with this POD-based filter level. As introduced in Section I (A), a typical flow in front of the FFS with a relative high δ/h is, in fact, an oncoming TBL flow and its interaction with the separation bubble structure in Region I. There are two separate forms, i.e., ''open'' or ''closed'' type for the flow in this region, as described by Stüer et al. [34] and Wilhelm et al. [35] , which is dependent on whether the fluid is entrained from the outer flow into the bubble or directly by a separation having a focus. Recently, Pearson et al. [36] has concluded that the separation bubble in front of the FFS exhibits both open and closed forms with each form behaves for half of the time in the fully TBL flow from their conditional averaging based on the area of reverse flow. More specifically in present study, the most energetic (contributing to a 1 ) instantaneous structures are present as a large area of Q4 events and several vortex structures when nearly approving the steps with the three-dimensional roughness-resolved surfaces (Figure 11(e-g) ) but as a large number of Q2 events and a less few of vortices for the smooth step in Figure 11 events are changed into Q2 for roughness surfaces, and Q4 events for the smooth step. A closed separation bubble with a focus and a reattachment point on the step face are observed in Figure 12 (e) and it is relatively steady and occasionally two-dimensional. This is a direct and instantaneous observation, for the first time, for this form of separation bubble at Region I in front of an FR FFS in the fully TBL although the approaching flow should now be locally threedimensional enough due to the FR step. Note that all the instantaneous velocity fields with the large POD coefficient of |a 1 | ≥ 2σ a1 have these similar flow patterns as shown in Figures 11 and 12 , which means that the large-scale Q4 or Q2 events and separation bubbles mostly with an open form are the most energetic instantaneous structures in front of the roughness-resolved FFSs, consistent with the streamwise or wall normal POD mode-shape 1 in Figures 4-5(a-d) . And when the surface roughness conditions considered, these most energetic instantaneous flow structures appear to be totally different only between the smooth FFS and its counterpart with roughness due to the local three-dimensionality of the steps. However, the impacts of roughness resolved FFSs on these most energetic instantaneous flow structures here are mainly reflected on the flow above the bubbles, just beyond the height of the step, where the flow becomes less and less local uniform with the increasing k + s , especially the flow near the edge of the steps although the roughness has no clear effect on their statistically mean structures [5] . Typical reconstructed flows with the TKE of 90% but with a large POD coefficient of |a 2 | ≥ 2σ a2 in front of the FFSs at P1 are presented in Figure 13 . The bubble structures can be seen in Region I near the corner in front of the steps and they all behave as open forms for A4, A6 and SM cases, which indicates that they have strong interactions and fluid exchanges with the oncoming TBL flow. However, no clear bubble structure can be observed in Region I for the FR FFS case; and instead, there is a small region of local Q2 events which eject the fluid from the corner. Similarly, irrespective of the surface conditions, the large-scale instantaneous structures shown in Figure 13 behave as a strong shear layer (also cf. Figures 4 and 5(e-h)) ; and near or in which there exists a few strong prograde (nearer the corner) or retrograde (further away from the corner) spanwise vortices and sometimes alternating node and saddle points. We believe that these large-scale instantaneous structures (exclusive separation bubbles) are as a result of the interaction between the strong Q4 and Q2 events, similar with the phenomena in the TBL flow [18] . Besides, the presence of the node and saddle points follows that the flow is locally three dimensional and unsteady [3] , [4] , [34] , and it may be related to some kinds of three-dimensional instabilities [34] . No common patterns can be addressed regarding these largescale structures when the surface conditions are inspected due to the unsteady characteristic of them. However, it is worth summarizing that the leading open form of the separation bubble structures in front of less rough FFSs and a small region of local Q2 events at the corner of the FR FFS will be as the first consideration when we want to control these large-scale structures.
1) ENERGETIC LARGE-SCALE STRUCTURE IN FRONT OF THE FFS s
2) ENERGETIC LARGE-SCALE STRUCTURE ON TOP OF THE FFS s
As previously introduced in Section I (A), the instantaneous energetic large-scale structures in Regions II and III on top VOLUME 7, 2019 of the FFSs, and the impacts of roughness resolution on them will be comparatively discussed in this section based on the past statistical results of [2] , [5] , and [15] . For the first POD mode with a large temporal coefficient of |a 1 | ≥ 2σ a1 typical reconstructed instantaneous fluctuating velocity fields with the TKE of 90% on top of the smooth and roughnessresolved FFSs at P1 are shown in Figure 14 . The downstream intersection of red ( U = 0) and blue ( V = 0) dash-dotted lines indicate the approximate position of the recirculation bubble center. Similar to the predominant structures in Region I, the most energetic structures present as a great many large-scale Q2 or Q4 events and a few secondary vortex structures at the near-wall. These vortices are almost prograde and rotate in the same sense as the mean shear expect the one in sub-figure (e) (this instantaneous counter clockwise vortex inside the recirculation bubble should be formed due to the local negative roughness slope but favorable pressure gradient). However, the main feature of these large-scale Q4 or Q2 events predominating the flow appears sensitive to the surface roughness conditions as speculated in Section III (B). Specifically, for the FR FFS case, largescale Q4 events span almost the whole FOV from x = 0.9h to 4.3h (sub- figure (a) ) while the Q2 events predominate the field from x = 1.5h to 4.5h for the large negative positive POD coefficient while for their negative coefficient of |a 1 | ≥ 2σ a1 , they are large-scale Q4 events ((f)). Note that we have inspected all the fields one by one which is satisfied the condition of |a 1 | ≥ 2σ a1 , the main feature of fluctuating velocity fields for each surface condition FFS is similar to the illustration of Figure 14 . Therefore, we believe that a step change at the surface due to roughness localizes the disturbance at the wall [37] . In other words, the roughness impacts on the most energetic structures on top of the steps are local and limited. This can also be seen from Figure 16 where typical reconstructed instantaneous fluctuating velocity fields with 90% TKE on top of the FFSs at P2 are given for smooth and roughness-resolved surfaces. However, the flow patterns at this spanwise position are of significant difference with the one for the surface condition of FR at P1, which are now predominated by the Q2 events for a large positive a 1 and by the Q4 events for a large negative POD coefficient. The more three-dimensional flow for the FR FFS is as a result of the more complicated roughness topology. This means that whether Q2 or Q4 events dominating the flow (regarding the first POD mode) is indeed not only related with the surface roughness conditions of the FFSs but also with the spanwise positions (cf. Section III (B)) due to the three-dimensional topology of the roughness surfaces. These observations are different from the POD result of Shao and Agelin-Chaab (2016), which concluded that the step roughness did not affect the first mode, i.e., the most energetic mode. This also inspires us that more careful consideration and a different control scheme need to be given for the three-dimensional roughness-resolved FFS flow. Furthermore, the FR and A4 FFSs modified the series of instantaneous vortex structures which have been observed at P1. Moreover, there is a clear vortex at (x = 0.7h, y = 1.4h) in Figure 16 (a) although the mean bubble structure has disappeared entirely as shown in Figure 2 and [5] ; but nothing can be seen in sub-figures (b), (e) and (f) at the front of steps due to the strong positive slope at P2. Figure 15 and 17 presents that typical reconstructed instantaneous large-scale structures for the flows with a large coefficient of |a 2 | ≥ 2σ a2 at P1 and P2, respectively. The large-scale structures observed here overall exhibit as a strong shear layer extending to Region III, under which is the statistically mean bubble (if it did not disappear due to the specific roughness surface); and in which a large number of vortex structures are created, especially for the FR and A4 FFSs at P1. These large-scale vortices, in essence, are different with the ones nearer the wall as seen in Figures 14 and 16 , which, in general, have an alternately clockwise and counterclockwise rotation direction along the blue dash-dotted line where V = 0. Largeau and Moriniere [3] concluded that this shear layer and these large-scale structures were generated due to the separation in front of the steps, which plays a vital role in the generation of the wall pressure fluctuations. In addition, for our cases herein, we do find that these large-scale structures are also affected by the roughness-resolved surfaces and spanwise locations, particularly the ones for the SM FFS at P2 where these structures are all prograde. Interestingly, the flow structure pattern without the mean bubble on the front of the steps is different with others, which also hints that we can control the mean bubble to modulate the lowfrequency flapping shear layer [3] as well as these large-scale structures.
IV. SUMMARY AND CONCLUSIONS
A new application of the POD method has been performed to mine and analyze the dataset of PIV-measured flow fields in front of and on top of the smooth and roughness-resolved FFSs. The velocity vector fields containing the most energetic large-scale structures are conditionally chosen to show the instantaneous characteristics of this kind of flow. The conditional criterion is that the chosen velocity field whose POD temporal coefficient of the first or second mode is correspondingly larger than twice of their RMS values, i.e., |a 1 | ≥ 2σ a1 or |a 2 | ≥ 2σ a2 , which means that the most TKE has been captured. Besides, the POD filtering function whose filter level is 90% of the TKE has been used to filter out the PIV measurement errors and less energetic small-scale structures in the flows.
The existence of scaling laws in the POD TKE spectrum for the first few relative lower-order modes suggests the energy cascade among the flow structures in front of/on top of smooth and roughness-resolved FFSs. Noticeable roughness impacts on the first few lower-order modes on top of the steps can be observed. The symmetric pattern of Gaussian distribution for positive and negative values of the POD temporal coefficients, a 1 or a 2 , indicates that the same contribution from the Reynolds Q2 and Q4 events to the first two POD modes.
In front of the FFSs, the most energetic instantaneous structures are the large-scale Q4 or Q2 events, and the separation bubbles mostly with an open form except only the closed instantaneous one with a focus observed for the first time at Region I before the FR FFS. It is concluded that these most energetic instantaneous structures are very different between the roughness-resolved FFSs and their SM counterpart due to the local three-dimensionality although the mean velocity fields show that there are little roughness impacts on them. The impacts of the resolved roughness on these structures are mainly reflected on the flow above the open bubbles, just beyond the height of the step and at the near-edge where the flow becomes less and less local uniform with k + s increasing. Moreover, the large-scale instantaneous structures behave as a strong shear layer; and near or in which a few prograde or retrograde spanwise vortices; and sometimes, the alternating node and saddle points are existing. The instantaneous patterns are all consistent with the statistical streamwise or wall-normal POD modeshape 1 and 2 . However, no common roughness impacts can be addressed due to the unsteady and three-dimensional characteristic of these large-scale structures. Nevertheless, it is worth summarizing that the leading open form of the separation bubbles before less rough FFSs and a small region of local Q2 events at the corner of the FR FFS will be as the first consideration when the flow control is performed.
Additionally, for the flow on top of the FFSs at P1, the most energetic structures are presented as a great many large-scale Q2 or Q4 events; and a few secondary vortices which are almost prograde at the very near wall and rotate in the same sense as the mean shear except a counterclockwise one which are inside the recirculation bubble formed due to the local negative roughness slope but a favorable pressure gradient. The main feature of this large-scale Q4 or Q2 events dominating the flow are not only sensitive to the surface roughness conditions although these impacts are local and limited, but to the spanwise locations due to their already local-threedimensional characteristics, which inspires us that more careful consideration and a different control scheme need to be given when the SM step becomes into three-dimensional roughness-resolved ones. Furthermore, typical instantaneous large-scale structures observed at Region II are overall exhibited as a strong shear layer extending to Region III, under which is the statically mean bubble; and in which a large number of vortex structures are created that in essence are different with the most energetic ones at nearer the wall. The resolved-roughness and spanwise locations affect the large-scale structures, too. Besides, the flow structure pattern without the mean bubble on the front of the steps is distinctly different with others, which also suggests us that the low-frequency flapping shear layer, as well as these largescale structures, can be modulated using controlling the mean bubble. In recent years, he has taken charge of more than ten scientific projects, including the National Natural Science Foundation of China, the National Key R&D Program of China, and the National High-tech R&D Program of China (863 Program). Towards underwater equipment performance requirements of deep diving, long duration, and high precision, he focuses his systematic research both on fundamental theories and technical implementation.
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